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In this issue ofNeuron, Nikolaou et al. (2012) place the first pins in the functionalmap of the optic tectum. They
show that retinal ganglion cells coding for the trajectory of motion target the most superficial layer in the
tectum, whereas ganglion cells carrying information on the orientation of stimuli target deeper layers.What type of information about the visual
world does the eye send back to the
brain? This question has intrigued neuro-
scientists since Adrian made the first
recordings of the massed electrical
activity leaving the eye of the eel (Adrian
and Matthews, 1927). Adrian noted,
‘‘...the action of the receptor apparatus
of the eye is naturally far more complex
than that of the peripheral sense organs’’
(Adrian and Matthews, 1927), and this
proved to be the case when Hartline
(1938) made the first recordings of spikes
transmitted by individual fibers in the
optic nerve of frogs. Hartline’s funda-
mental observation was that these fibers
did not all transmit the same signal:
some fired spikes when light intensity
increased (ON), while others fired when
intensity decreased (OFF), with a third
class responding at both onset and offset
of illumination (ON-OFF). Evidently, a stim-
ulus as simple as a step of uniform light
could be simultaneously transformed in
a number of different ways by the retinal
circuitry. But what of more complex visual
stimuli, similar to those that a frog experi-
ences in its normal habitat? How are
these represented in the signals that the
retina sends back to the brain?
In thinking about this problem, a power-
ful concept is that of ‘‘feature detection,’’
which posits that the nervous system
filters natural stimuli to preferentially
encode the information that is most rele-
vant to behavior. One of the first to clearly
state this idea in the context of vision was
Horace Barlow, who in 1953 discovered
that the ON-OFF ganglion cells discov-
ered by Hartline had a receptive field
with an excitatory center covering a rela-
tively narrow visual angle but with a
powerful inhibitory surround (Barlow,
1953). Noting that a fly within striking
distance would be an effective stimulusfor these neurons, Barlow commented
that, ‘‘It is difficult to avoid the conclusion
that the ‘on-off’ units are matched to the
stimulus and act as fly detectors’’ (Barlow,
1953).
The potential for such sophisticated
and specific processing within the retina
was famously highlighted by Jerome Lett-
vin and colleagues (Lettvin et al., 1959) in
what has now become one of the classic
papers in sensory neuroscience, ‘‘What
the Frog’s Eye Tells the Frog’s Brain.’’ In
this study, more complex stimuli were
applied, directly inspired by behaviors of
the frog known to be driven by vision,
such as capture of prey or evasion of
predators. Lettvin found, for instance,
that some ganglion cells responded
particularly strongly to a small dark object
making jerky movements—a detector he
called the ‘‘bug perceiver.’’ The idea, of
course, is that these neurons provide the
brain with information that drives the
tracking and capture of small moving
prey. This view of how neurons encode
sensory stimuli is termed ‘‘specificity
coding’’ and it leads to such notions as
the ‘‘grandmother cell’’ in the visual cortex
(a term also coined by Lettvin), or, for
those more into the body beautiful, the
‘‘Brad Pitt’’ or ‘‘Halle Berry’’ neuron in
the hippocampus (Quiroga et al., 2005).
But finding individual neurons that
respond particularly well to a moving fly
is only part of the story: the fact that
most neurons respond to a range of visual
stimuli immediately tells us that the repre-
sentation is more complex. An alternative
view is that the important features of
a stimulus are represented by a ‘‘distrib-
uted code’’ in which information is con-
tained in the pattern of activity across
a population of neurons. In this second
view, to really understandwhat the ‘‘frog’s
eye tells the frog’s brain,’’ we must recordNeuron 76the activity of all the neurons providing the
retinal output. This is a formidable tech-
nical challenge: how do we sample
activity across a complete population of
sensory neurons? Markus Meister pro-
vided the first approach by placing the
retina of a salamander on an array of
electrodes that recorded spikes from
hundreds of ganglion cells simultaneously
(Meister et al., 1995). In this issue of
Neuron, Nikolaou et al. (2012) use imaging
to achieve a similar goal, mapping the
visual signal projected from the retina to
the optic tectum of zebrafish.
The optic tectum receives the major
part of the retinal output—it is one of the
largest parts of the brain by volume and
analogous to the superior colliculus in
mammals. In zebrafish, as in frogs, the
tectum processes visual signals that drive
motor outputs, contributing to behaviors
such as avoidance of objects and pre-
dators as well as capture of prey (Nevin
et al., 2010). Although there may be
‘‘fly detectors’’ in the tectum, it clearly
plays a more general role in directing the
animal’s movements relative to its envi-
ronment. Purely heuristic approaches
will not, therefore, provide a proper under-
standing of the function of this part of the
brain; we need to build a more complete
and systematic picture of the information
transmitted to the tectum and how this
information is distributed—a ‘‘functional
map’’ (Figure 1).
To begin this mapping exercise, Niko-
laou et al. (2012) made transgenic zebra-
fish expressing SyGCaMP3, a fluorescent
protein that reports the activation of
synapses by sensing the presynaptic
calcium signal driving vesicle fusion. SyG-
CaMPs are a fusion of a genetically en-
coded calcium indicator of the GCaMP
family to synaptophysin, a protein in the
membrane of synaptic vesicles (Dreosti, October 18, 2012 ª2012 Elsevier Inc. 257
Figure 1. A Functional Map of the Retinal Inputs to the Optic Tectum
(A) Retinal ganglion cells in the retina with overlapping receptive fields code for different features of the
image, such as the direction of image motion or the orientation of a bar. This preprocessed information
is then sent along the optic nerve to the tectum.
(B) Individual retinal afferents terminate in the stratum fibrosum et griseum superficile (SFGS) in one of its
many layers. Nikolaou et al. (2012) show that axon terminals carrying the same kind of information termi-
nate in the same layer, e.g., ganglion cells coding for tail-to-head motion project to the most superficial
layer of the SFGS (red axon). Note that it is thought that approximately 20 different parallel channels
operate within the retina to extract different features of a visual stimulus, but these are represented
here by just four different ganglion cells of different color.
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Previewset al., 2009). By use of a promoter specific
for retinal ganglion cells, Nikolaou et al.
(2012) targeted SyGCaMP3 to all the
axon terminals transmitting visual signals
to the tectum. This approach is similar to
one in which SyGCaMP2 was used to
image the preceding stage of transmis-
sion of the visual signal, from bipolar cells
to ganglion cells (Odermatt et al., 2012).
There are two important advantages to
the use of SyGCaMPs to monitor neural
activity over the more usual approach of
using cytoplasmic reporters: (1) synaptic
activity across a complete population of
genetically defined cell types can be re-
corded in vivo, and (2) the location of
synaptic outputs in the target structure
can be identified, even when distant
from the cell body, because the reporter
is also a marker of presynaptic compart-
ments (Dreosti et al., 2009). Equipped
with this new reporter and a confocal
microscope, Nikolaou et al. (2012) could
monitor activity across the population of
synapses providing the visual input to
the optic tectum and relate their response
properties to their location.
The main recipient of visual input to the
optic tectum is a band of neuropil called
the stratum fibrosum et griseum superfi-
cile (SFGS). Although the SFGS has at258 Neuron 76, October 18, 2012 ª2012 Elseleast six laminae, individual ganglion cells
send their axons to one only. This struc-
tural organization recalls the preceding
stage of synaptic transmission in the
visual system, where bipolar cells send
a variety of signals into six different strata
of the inner plexiform layer. It might there-
fore also be expected that different kinds
of information are transmitted in different
layers of the SFGS. But what information?
Nikolaou et al. (2012) concentrated on
probing how motion was encoded by
providing stimuli consisting of light and
dark bars of different orientations moving
in different directions. They found that
specific areas of the tectum received
inputs from synapses sensitive to the
direction of motion, and these were
distinct from synapses that responded
preferentially to either vertically or hori-
zontally oriented bars. This is the first
work to demonstrate that different
laminae of the tectum receive different
kinds of visual information.
Directionally selective inputs were clus-
tered around three distinct angles, with
those signaling tail-to-head motion being
the most numerous. The synapses dis-
playing this tail-to-head tuning were
restricted to the most superficial lamina
of the SFGS, whereas those withvier Inc.preferred sensitivity at the other two
angles were located immediately below.
Synapses sensitive to the orientation of
the bars tended to avoid these direction-
ally selective layers, instead targeting
layers deeper in the SFGS. Thus, while
the population activity of synaptic inputs
can encode any angle of object approach,
a particularly large fraction are concerned
with detecting objects that approach from
behind, and these project to a specific
zone in the tectum. This conclusion high-
lights the strength of the systematic
approach allowed by genetic targeting of
a reporter to a particular class of neuron
combined with imaging through a defined
structure in the brain, and it yields an
important insight: of the many messages
that the fish’s eye sends to the fish’s
brain, one of the loudest is ‘‘look out—
he’s behind you!’’
Finding the locations of direction-
and orientation-selective inputs across
different laminae of the optic tectum is
only the start of the exploration. A major
feature of the optic tectum is that it
contains a retinotopic map—nearby loca-
tions in visual space falling on nearby
regions of the retina project to neigh-
boring locations on the surface of the
tectum (Nevin et al., 2010). Nikolaou
et al. (2012) only made functional
measurements across a single confocal
slice corresponding to one locality in the
retina, but with the adoption of fast
volume imaging, it should be possible to
monitor incoming signals through large
volumes of the tectum corresponding to
wider regions of visual space. Morpholog-
ical techniques could then be applied to
flatten the tectum to more clearly define
the lamina of the SFGS across the whole
visual field. Such an approach should
provide a finer understanding of how
different kinds of information are orga-
nized in different layers of the tectum, as
well as potentially revealing biases for
certain kinds of information in particular
regions of the visual field. Monitoring the
synaptic output from retinal ganglion cells
with SyGCaMPs will also allow experi-
menters to probe how information about
other important properties of visual stimuli
are distributed within the tectum, such as
color or spatial size. For instance, how are
signals from different classes of color-
opponent ganglion cells organized? And
of course it will also be possible tomonitor
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Previewsvisual signals transmitted to other regions
of the zebrafish brain.
An obvious next step in investigating
how the visual signal is processed will
be to relate the signals entering the optic
tectum to the responses of the tectal
neurons themselves, and this is likely to
be a major task. A class of tectal neuron
with directional preference has recently
been described, but it is the inhibitory
inputs provided by local interneurons
that play the major part in determining
their tuning properties (Grama and Engert,
2012). Local inhibition also plays a major
role in determining the spatial tuning of
tectal neurons (Del Bene et al., 2010).
Clearly, we will need to unravel the opera-
tion of smaller circuits contained within
different layers of the tectum to under-
stand how the input-output relation of
this brain structure is determined by the
neurons and synapses. We have a similar
problem in the retina, where the specific
microcircuits formed by bipolar cells and
inhibitory amacrine cells shape the variety
of output delivered by ganglion cells. In
the context of the retina, the experimenter
has the advantage that the normal input to
the circuit, light, can be finely controlled,
but one of the fundamental difficulties in
analyzing the transformations carried out
by downstream stages of the visual
system has been uncertainties as to the
nature of the incoming signals. Nikolaou
et al. (2012) have provided a beautiful
example of how population imaging of
synaptic activity using SyGCaMPs can
begin to provide this information.
The study of Nikolaou et al. (2012) also
highlights some of the strengths of the
larval zebrafish for studying questions in
systems neuroscience. As well as being
relatively easy to manipulate genetically,
zebrafish can be imaged with relative
ease. They also display a range ofbehaviors driven by sensory inputs, and,
because of their small size, one can realis-
tically hope to monitor the resulting neural
activity all the way through to a motor
output. Great strides in this direction
have been made by Florian Engert and
his colleagues, who have recently created
zebrafish in which GCaMPs are ex-
pressed in all neurons, allowing activity
to be assessed in multiple regions of the
brain while filming the motor behavior
elicited by visual stimulation (Ahrens
et al., 2012).
An important challenge for the future
will be to transfer these optical ap-
proaches for assessing signal transfer
between brain regions to mammals such
as mice. How will the mouse’s eye tell
the mouse’s brain about important
features of the visual world? It has been
suggested that specificity coding, epito-
mized by the ‘‘bug detector,’’ is a special-
ization of cold-blooded creatures, while
mammals use the cortex for detection of
such high-level features. Or, to put it
more pithily, ‘‘the dumber the animal,
the smarter its retina’’ (Dennis Baylor,
personal communication). Nonetheless,
it is increasingly apparent that individual
ganglion cells of mammals can also trans-
mit the results of some surprisingly com-
plex computations (Gollisch and Meister,
2010), and recently a ‘‘hawk detector’’
has been identified in the retinae of
mice: a very numerous type of motion-
sensitive ON-OFF ganglion cell that is
likely to respond vigorously to circling
birds of prey (Zhang et al., 2012). To
understand the relative importance of
such ‘‘specificity coding’’ compared to
a distributed code, we will have to be
able to monitor the signals transmitted
by the complete population of retinal
ganglion cells in a relatively unbiased
way. Nikolaou et al. (2012) now show usNeuron 76that the use of SyGCaMPs to image the
synaptic output is a feasible approach
for making such population measure-
ments. We hope that this experimental
strategy might also be able to tell us
what the ‘‘mouse’s eye tells the mouse’s
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